States is an important issue due to its major impact on bridge maintenance costs nationwide. In this paper, results of survival (reliability) analyses performed on bridge data for all fifty states and Puerto Rico are presented. Data were obtained from the 2011 National Bridge Inventory (NBI) database. The end of service life is defined as a recorded NBI bridge deck rating of 5. Only non-reconstructed bridges and conventional bridge types and decks were considered. The NBI-derived parameters included in the analyses were age, average daily traffic (ADT), deck surface area, and deck rating. Each state's data were analyzed separately to assess and compare relative performance among the states. Deck reliability at an age of fifty years ranges from less than 20% to over 90%. The geographic regions with the highest overall 50-year reliability are generally in the northeastern and northern United States.
Introduction

Background
Deterioration of bridge decks in the United States is a national concern due to the high costs of repair and rehabilitation. In the northern states where common deicing salts (e.g. sodium chloride) are used to melt ice on roads during winter, corrosion of reinforcing bars and subsequent cracking and spalling of concrete decks is a major issue. Long-term penetration of chloride ions into concrete eventually results in corrosion of steel and cracking of the surrounding concrete. In coastal areas of the United States, exposure to salt-laden air and seawater results in chloride-induced damage to reinforced concrete bridge elements. Other modes of deterioration of concrete include freeze-thaw damage, alkali-silica reactivity, carbonation, etc.
Reliable information on the timing of the end of service life, whether for general consideration (system wide) or for specific bridges, would be extremely valuable for long-term planning and implementation of bridge deck maintenance and repair. A number of researchers have developed theoretical and analytical models for corrosion-induced deterioration of bridge decks [7, 9, 13] . However, such analytical models require a number of assumptions regarding concrete properties, chloride diffusion parameters, chloride thresholds for corrosion initiation, and timing of crack initiation and propagation. The overall validity of such models must also be verified with actual long-term performance data.
On the other hand, conventional structural reliability models are typically based on assessments of the likelihood of failure in the form of applied loads exceeding structural resistance [3, 5, 10, 11] . Reliability models that are based on strength limit states can also be timedependent, with the influence of time considered on the resistance and/or the loads. Strength-based reliability analyses form the basis for the Load and Resistance Factor Design (LRFD) used in the AASHTO [1] Bridge Design Specifications. However, the primary mode of long-term failure in bridge decks is not based on structural failure (flexural, beam shear, or punching shear). Such end of service life is mostly related to serviceability issues such as corrosion-induced deterioration.
Survival models (or "time-to-event" models) are commonly used in medical and biomedical research as well as other applications to assess the influence of various parameters on the timing of particular events (such as survival time of cancer patients after administration of new drugs, etc.). In this approach, typically largescale data are analyzed to develop statistical models that consider the influences of contributing parameters on the timing of outcomes. These models are not based on assessing the likelihood of one parameter exceeding another (e.g. loads exceeding resistance). Also, survival models do not attempt to address theoretical/technical reasons why one parameter may work better than others. This approach can however assess whether individual parameters are in fact affecting the timing of the outcome. Survival models have been used in bridge engineering applications but their use is not widespread. Examples include works by Yang et al. [17] and Beng and Matsumoto [4] .
The existence of a comprehensive database of bridge information in the United States, the National Bridge Inventory (NBI) database, provides the necessary largescale source of data for such an effort across all states. The NBI database includes basic bridge information as well as numerical ratings given by bridge inspectors (on a typically biannual basis) to major bridge components including decks. In the following sections, more information on NBI records and the process of extracting the data used in the study are presented.
In a preceding study, Tabatabai et al. [12] developed a survival model for bridge decks in Wisconsin using data from the 2005 NBI records. A recorded deck rating of 5 (on a scale of 0 to 9) was considered to be the end of service life for a bridge deck. The following NBI data were extracted for bridges with a deck rating of 5: age of bridge, Average Daily Traffic (ADT), deck surface area, and type of superstructure (steel or concrete). Data from bridges with common superstructures types and conventional reinforced concrete decks were considered only (i.e. uncommon superstructure types such as cable-stayed bridges or steel decks were excluded). Reconstructed bridges were also excluded from the analyses. Four different survival models were considered and fit to the extracted NBI data for Wisconsin. These four models consisted of Weibull, log-logistic, lognormal, and hypertabastic [12] . The hypertabastic accelerated failure time model was determined to be the best-fit model based on the Akaike Information Criterion (AIC) [2] . This model was therefore used to analyze bridge deck data from all fifty states plus Puerto Rico in the study reported here.
Objective and scope
The objective of this study was to develop statistical models for time-dependent bridge deck reliability (survival) and failure rate (hazard) for all fifty states and Puerto Rico. Data necessary to accomplish this work were extracted from the 2011 NBI records. The factors considered were deck rating, bridge age, ADT, and deck surface area.
The overall approach used by Tabatabai et al. [12] for the analysis of Wisconsin bridge deck data was also used in this study. Data from each state were analyzed separately. A comparison of reliability results among the states reflects their differing climatic and exposure conditions as well as varying design and maintenance practices.
To have a common basis for comparisons, reliability and failure rates were calculated and presented when covariates (deck area and ADT) were either equal to the national median or equal to each state's own median values.
Development of survival models
NBI data and parameter selections
Bridges in the United States are generally inspected once every two years, at which time the inspectors give numerical ratings to various major components of the bridge such as bridge decks. These ratings are typically based on visual observations of damage in the form of cracking, spalling or other signs of distress. NBI numerical ratings range from "failed condition" (0) to "excellent condition" (9) . A recorded deck rating of 5 ("fair condition") is considered to be the end of service life in this study. Many regard a deck rating of 5 or 4 as the time when minor or major repairs are required [6] . A bridge becomes "structurally deficient" if it has a deck rating of less than 5.
Tabatabai et al. [12] provide a detailed description of the extraction procedures for the NBI data used in their study (as well as this study). A summary of this data extraction process is discussed here. As a first step, all NBI records with missing parameters of deck rating, construction date, or ADT were excluded from consideration. Next, bridges with records of previous reconstruction or rehabilitation as well as those with less common superstructure types and decks were removed from consideration. Only conventional concrete, prestressed concrete and steel superstructures were considered (i.e. truss, arch, or cable-stayed bridges were not included). Finally, only bridges with conventional decks (cast-in-place or precast concrete) were retained.
The following parameters were included in the analyses: 1) deck rating (NBI Item 58); 2) age (NBI Item No. 90, year of last inspection minus Item No. 27, year built); 3) deck area (Item No. 49, structure length times Item No. 51, curb-to-curb width); and 4) ADT (Item No. 29). The parameters selected were chosen because they have potential relevance to long-term reliability of bridge decks. The NBI parameter ADTT (Average Daily Truck Traffic) was not used in the analyses. The AASHTO LRFD Standard Specifications for Highway Bridges [1] provide conversion factors that relate ADTT to ADT on rural and interstate highways. Because of this correlation, only one of the two parameters could be used in the analyses as an independent parameter. ADT was chosen because service life of decks is typically a serviceability concern and not a structural failure issue. Deck surface area was included as a parameter because larger deck surfaces are expected to have higher likelihood of developing defects.
In preceding studies [8, 12] , the type of superstructure (steel or concrete) was also included as a parameter. However, the type of superstructure had an inconsistent effect on deck reliability in the six northern states that were studied using this approach [8] . Therefore, this parameter was not included in the fifty-state study. Other parameters in the NBI database were not considered (such as location, features intersected, bridge clearances, structure length . . . ) as they were considered to be either not related (directly or indirectly) to deck performance, or they were considered to be correlated with one of the parameters that were included.
The data from various states were analyzed separately (not combined). Thus comparisons of reliability results among various states would include the effects of their differing climatic and environmental conditions, maintenance practices, deicing procedures, etc. The hypertabastic accelerated failure time model was used for the analyses reported here.
Hypertabastic survival model
Reliability or survival (S) is defined as the probability of not reaching the end of service life at a given age (1 minus the probability of failure -reaching the end of service life). Instantaneous failure rate or hazard (h) is defined as the probability of failure per unit time at any given time (age) assuming that failure did not occur prior to that time.
The hypertabastic statistical distribution was first introduced by Tabatabai et al. [16] . The hypertabastic distribution has been used in biomedical applications such as studies of survival of cancer patients [14, 15] . An important advantage of the hypertabastic hazard function compared to other such distributions (e.g. Weibull, log-logistic, lognormal . . . ) is its flexibility in representing a variety of different shapes of the hazard (failure rate) function [12, 16] . These hazard shape patterns could include increasing followed by decreasing with time, increasing towards an asymptote, monotonically decreasing with time, increasing with upward concavity followed by increasing with downward concavity, increasing with upward concavity followed by a linear increase, or continuous increasing with upward concavity [12, 16] .
The theoretical basis and complete equations for the hypertabastic model is given in Tabatabai et al. [12] . Therefore, in this paper, only the equations needed to calculate reliability and failure rates are provided:
In Equation 3 above, parameter t g is defined as a mathematical function of AGE (age of bridge in years), AREA (m 2 ), and ADT. Parameters ␣, ␤, c, and d are all determined for each of the 50 states and Puerto Rico using the procedures proposed by Tabatabai et al. [12] . Functions sech and coth are hyperbolic secant and hyperbolic cotangent, respectively. Table 2 shows the mean, median, and standard deviation for age of bridges (in years) with a deck rating of 5. These ages are not direct indicators of comparative reliability since they are influenced by varying parameters of ADT and deck area. The median age of bridges for various states range from 38 to 74 years with an overall (United States) median of 50.0 years.
Results
ADT and deck areas
Age of bridges with a deck rating of 5
Parameters α, β, c, and d
The method of maximum likelihood was used to determine parameters ␣, ␤, c, and d that are used in Equations 1 through 4. The resulting parameters for each state are shown in Table 3 . These parameters along with Equations 1 and 2 can be used to estimate reliability and failure rate for any state and at the desired age, deck area, and ADT.
Reliability and failure rate
Using Equations 1 and 2 and parameters shown in Table 3 , the reliability and failure rates for each of the fifty states and Puerto Rico were determined using two sets of covariate (ADT and deck area) values. The first set of covariates were set equal to the median national (United States) values of ADT (1703 vehicles) and deck area (355 m 2 ). A common set of covariates would allow a direct comparison of bridge deck reliability and failure rates across all states without the influence of ADT and deck area. Any differences noted would then be related to other factors including climatic conditions, design and maintenance practices, deicing practices (if any), construction quality control, etc. (but not ADT and deck area). The second set of covariates were set equal to the median ADT and deck area values for each state. Results from the second set of covariates compare Table 4 shows reliability and failure rate results at age 50 for both set of covariates in a tabular form. Vermont, Hawaii, and Maine show the highest reliability for both sets of covariates. On the other hand, Wyoming, California, and Nebraska show the lowest reliabilities (at age 50) for both sets of covariates. Figure 1 shows the 50-year reliability results on a map of the United States with ADT and deck area equal to the national median values. Although variations exist, the states with the highest deck reliabilities are generally more prevalent in the northeastern and northern regions. States in the southwestern and western regions generally show the lowest 50-year reliability. This is somewhat surprising given the fact that the northern regions suffer from more severe winters, and deicing salts are routinely and extensively used to melt ice and snow in wintertime. Further research is needed to assess the contributing factors that result in such differences.
Equations 1 and 2 and the parameters of Table 3 can also be used to determine reliability and failure rates at other ages, ADT levels, and deck areas. Graphs of reliability, failure rate and probability density function (pdf) can be plotted for each state as described by Tabatabai et al. [12] . Figures 2, 3 and 4 show reliability, failure rate, and pdf graphs for six major states of California, Texas, Florida, New York, Michigan, and Washington State, respectively.
P-values
A set of p-values are calculated for each state and covariate during the analyses. Table 5 shows the calculated p-values. These p-values indicate whether a particular covariate is statistically significant. In general, a small p-value (e.g. less than 0.02) for a covariate in a particular state indicates that the covariate is a statistically significant parameter for that state. Although there are a few states with p-values higher than 0.02 for one or both covariates, the great majority of states' results indicate that both deck area and ADT are statistically significant parameters.
Summary and conclusions
Survival analyses were performed on bridge deck data from all fifty states and Puerto Rico to assess longterm bridge deck reliability and failure rates in various states. The 2011 National Bridge Inventory database was used to obtain data on deck rating, bridge age, average daily traffic, and deck area. A recorded deck rating of 5 was selected as the end of service life for the bridge deck. The hypertabastic accelerated failure time model was used for the analyses, and model parameters were determined using the maximum likelihood approach. Each state's data were analyzed separately so that relative performance among the states could be assessed.
The national median bridge age at the end of deck service life is 50.0 years with a standard deviation of 19.5 years. Deck reliability at an age of fifty years varies from state to state, ranging from less than 20% to over 90%. The geographic regions with the overall highest reliability at an age of 50 years are in the northeastern and northern United States. In general, the lowest reliabilities were obtained for states in the southwestern and western United States. Although corrosion issues are more prevalent in the northern regions because of the widespread use of deicing chemicals, the bridge deck reliabilities are higher in those same regions. Further studies are needed to effectively and conclusively determine the reasons behind these variations, which may be possibly related to differing design, construction and maintenance practices resulting from differing perceived risk or hazard.
In most states, the reliability of bridge deck at 75 years is less than 15% (when covariates are at national median levels). The shapes of the failure rate function with time also varies from state to state. In general, there is a continuous rise in failure rates with time. However, in some states, the rate of increase in failure rate is reduced at approximately 30 years of age.
